Abstract-We have been developing exoskeletal robots in order to assist the motion of physically weak persons such as elderly persons or handicapped persons. In our previous research, a prototype of a two degree of freedom exoskeletal robots for shoulder joint motion assist have been developed since the shoulder motion is especially important for people to take care of themselves in everyday life. In this paper, we propose an effective fuzzy-neuro controller, a moving mechanism of the center of rotation (CR) of the shoulder joint of the exoskeletal robot, and intelligent interface in order to realize a practical and effective exoskeletal robot for shoulder joint motion assist. The fuzzy-neuro controller enables the robot to assist any person's shoulder motion. The moving mechanism of the CR of the robot shoulder joint is used to fit the CR of the robot shoulder joint to that of the physiological human shoulder joint during the shoulder motion. The intelligent interface is realized by applying a neural network and used to cancel out the effect the human subject's arm posture change. The effectiveness of the proposed method has been evaluated by experiment.
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I. INTRODUCTION
R
ECENT progress in robotics and mechatronics technology brings a lot of benefits not only in industries, but also in welfare and medicine. We have been developing exoskeletal robots [1] - [3] in order to assist the motion of physically weak persons such as elderly persons or handicapped persons. It is important that such physically weak people are able to take care of themselves in the aging society. The exoskeletal robots [4] - [7] , which are sometimes called as exoskeletons, power suits, man amplifiers, man magnifiers, or power assist systems, have been mainly studied for the purpose of military or industry use from the early 1960s. Since the design concept is different, these robots were not suitable for physically weak persons using in everyday life. On the other hand, active orthotic systems [8] , [9] , which are similar to the exoskeletal robots, also have been studied for the purposed of welfare and medicine from the 1960s. In order to use these systems, however, the users had to learn how to control the systems because of the primitiveness of their controllers. In this paper, we propose a two degrees of freedom (DOF) exoskeletal robot and its control method for automatic shoulder motion assist since human shoulder joints are involved in a lot of motion in everyday life. The proposed exoskeletal robot is a modified version of the previously proposed 2-DOF exoskeletal robot prototype [3] . The architecture of the robot and the controller are newly designed in this paper. The proposed exoskeletal robot is automatically activated based on the human subject's electromyogram (EMG) signals which directly reflect the muscle activity levels of human subject. The EMG signals are important information to understand how the human subject intends to move. Consequently, the EMG signals can be used as input information for the robotic systems [10] - [12] . For the exoskeletal robot in this study, seven kinds of the EMG signals from the shoulder muscles of the human subject as well as the shoulder joint angles are used as input information. Thus the exoskeletal robot is able to assist the motion of the human subject effectively by applying his/her EMG signals as main input signals to the robot. Even though the EMG signals contain very important information, it is not very easy to predict the shoulder motion from the EMG signals in a short time since many muscles are involved in the motion [13] , [14] . Furthermore, it is difficult to obtain the same EMG signal for the same motion even from the same person since the EMG signal is a biologically generated signal. Moreover, the level of the EMG signals might be much different between persons. Therefore, the robot controller must have on-line adaptation ability to the physiological condition of each human subject if we apply the exoskeletal robots to several persons [15] , [16] . In order to cope with this problem, a fuzzy-neuro controller, which is able to adapt itself to the physiological condition of each human subject on-line, is proposed for the controller of the exoskeletal robot. The physiological control of the robot can be realized with this control method.
On the other hand, the mechanism of the prototype of the exoskeletal robot in our previous study was too simple in comparison with that of the human shoulder. In addition to this, it is impossible to set the center of rotation (CR) of the robot shoulder joint is the same as that of the human shoulder joint (glenohumeral joint) since it is located inside of the human body. Furthermore, human shoulder complex provides 7-DOF for the arm movement since shoulder complex consists of the scapula, clavicle, and humerus and moves conjointly [17] . Consequently, the CR of the human shoulder joint is dislocated according to the shoulder motion. Since the upper arm of the human subject is almost fixed to the arm holder of the exoskeletal robot in our system, the subject must move his/her body instead of his/her upper arm to adjust the location of the CR of the shoulder joint. Consequently, the human body in the exoskeletal robot was sometimes forced to move back and forth or left and right according to the shoulder motion since the CR of the robot shoulder joint was fixed and different from that of the human shoulder joint.
In this paper, we also propose a mechanism of the moving CR of the shoulder joint of the 2-DOF exoskeletal robot for shoulder motion assist in order to cancel out the ill effects caused by the position difference of the CR between the robot shoulder joint and the human shoulder joint during the shoulder motion. The proposed mechanism makes the CR of the robot shoulder joint mechanically move in accordance with the shoulder joint motion. The linkwork mechanism has been applied to realize the proposed mechanism. By the effect of the proposed shoulder mechanism, the generated shoulder motion of the human subject becomes smooth like the physiological shoulder motion.
In our previous study [3] , the arm posture of the human subject was supposed to be the same at all times. Even though the human subject tries to perform the same shoulder motion, however, the amount of the EMG signals from the shoulder muscles varies [20] if the arm posture is changed since the disposition of the shoulder muscles are changed [18] , [19] . Therefore, the arm posture has to be taken into account in order to carry out the reliable shoulder motion assist. In this paper, we propose intelligent interface between the human subject and the fuzzy-neuro controller to cancel out the effect caused by subject's arm posture difference. In this method, the fuzzy-neuro controller is adjusted instantly by the intelligent interface in accordance with the human subject's arm posture. The intelligent interface is realized by applying a neural network.
The effectiveness of the proposed exoskeletal robot and its control method has been evaluated by experiment with human subjects.
II. EXOSKELETAL ROBOT
The architecture of the exoskeletal robot is shown in Fig. 1 . The exoskeletal robot consists of a frame, two main links, an arm holder, two dc motor [Harmonic Drive System Company], drive wires, wire tension sensors (strain gauges), and the mechanism of the moving CR of the shoulder joint. The exoskeletal robot worn by a human subject is supposed to assist the subject's shoulder joint motion (flexion-extension and abduction-adduction motions as shown in Fig. 2 ) by manipulating the subject's upper arm with the arm holder, which is fixed on the slider on the link-2. The manipulation of the subject's upper arm is carried out by controlling the arm holder motion with dc motors via driving wires. The inside of the arm holder is covered by an air cushion in which air pressure is adjustable to fit any size of upper arm. The flexibility of the air cushion softens the motion difference of the robot and the human subject caused by the difference of the CR of the shoulder joints. Considering the fact that many physically weak persons use a wheel chair, the heavy parts of the proposed exoskeletal robot (i.e., the dc motors) are installed in the chair, and the other parts of the exoskeletal robot are directly attached to the human subject.
Human shoulder joint (glenohumeral joint) consists of many muscles such as deltoid, biceps, triceps, pectoralis major, infraspinatus, and teres major, and moves in 3-DOF (flexion-extension, abduction-adduction, and internal-external rotation). However, human shoulder complex provides 7-DOF for the arm movement since shoulder complex consists of the scapula, clavicle, and humerus and moves conjointly [17] . In the case of shoulder flexion motion, the clavicle rotates about an anteroposterior axis at the sternoclavicular joint. The rotation results in the elevation and translation (to medial direction) of the acromioclavicular joint with regard to the sternoclavicular joint [21] . The translation of the sternoclavicular joint results in the translation of the glenohumeral joint to the same direction. Therefore, the CR of the glenohumeral joint is dislocated according to the shoulder motion.
Since the human upper arm is almost fixed in the arm holder of the robot, the relative distance between the arm holder and the CR of the human shoulder joint is almost constant. Therefore, the distance between the arm holder and the CR of the robot shoulder joint must be moderately adjusted in accordance with the shoulder motion, in order to cancel out the ill effects caused by the position difference of the CR between the robot shoulder and the human shoulder. The proposed mechanism of the moving CR of the robot shoulder, which consists of links and a slider as shown in Fig. 3 , is installed between the link-1 and the link-2 of the robot. The motion of the proposed mechanism is depicted in Fig. 4 . The joint between the link-1 and the link-2 (i.e., the shoulder joint of the exoskeletal robot) is supposed to be located at just behind the armpit of the human subject. The proposed mechanism makes the CR of the robot shoulder joint move behind (farther position from the arm holder) in accordance with the shoulder vertical flexion angle in the case of vertical flexion motion, and move inward (closer position to the arm holder) in accordance with the shoulder horizontal extension angle in the case of horizontal extension motion. The linkwork mechanism has been applied to realize the proposed mechanism. In the case of shoulder vertical flexion-extension motion, the link-2 is vertically rotated with respect to the joint between the link-1 and link-2. As the link-2 rotates vertically, the additional link (the link for the slider) is rotated with respect to another joint (joint-2). Note that the joint-2 is a universal joint. The other end of the link for the slider is attached on the slider on the link-2. Since the radius of the link-2 and the link for the slider are different, the slider moves along the link-2 according to the shoulder flexion angle. In the case of shoulder horizontal flexion-extension motion, the link-1 is rotated about its axis according to the horizontal flexion-extension angle. As the link-1 rotates, joint-3 is rotated with respect to the axis of the link-1. The rotation of the joint-3 causes the movement of the position of the joint-2 along the lateral-medial direction as shown in Fig. 4 . As the position of the joint-2 moves along the lateral-medial direction, the slider moves along the link-2 since the link for the slider is connected to the joint-2.
Usually, the limitation of human shoulder movable range is 180 in flexion, 60 in extension, 180 in abduction, and 75 in adduction. Considering the practical application to everyday life, the shoulder motion limitation of the proposed robot is 0 in extension and adduction, 90 in flexion, and 90 in abduction this system. The maximum angular velocity of the motor is limited by the hardware for safety. The maximum torque of the robot (i.e., the maximum current of the motor) is also limited by both the hardware and software for safety. Furthermore, there is an emergency stop switch beside the robot.
III. CONTROL OF THE ROBOT
By adjusting the amount of force generated by the shoulder muscles, the shoulder motion can be moderately controlled. The muscle activity level can be described by the EMG signal. Consequently, human intention of shoulder motion can be estimated by observing the EMG signals of the shoulder muscles.
Fuzzy-neuro control, combination of fuzzy control and adaptive neuro control, is applied to control the exoskeletal robot. The initial fuzzy IF-THEN control rules of the fuzzy-neuro control are designed based on the analyzed human subject's shoulder motion patterns in the experiment [3] and the experimental results in another research [13] , [14] assuming that the arm posture of the human subject is in standard posture (i.e., shoulder rotation angle is neutral [0 ], elbow flexion/extension angle is neutral [0 ], and arm pronation/supination angle is neutral [0 ]).
The skin surface EMG signals of shoulder muscles, which imply the human subject's intention, and the shoulder joint angles are used as input signals of the robot controller in order to control the robot as the human subject intended. The location of electrodes on shoulder muscles is shown in Fig. 5 . The electrodes are located on the anterior, posterior and middle part of deltoid, biceps, triceps, pectoralis major (lateral part), teres major, pectoralis major (clavicular part), and trapezius and those are connected to ch.1, ch.2, ch.3, ch.4, ch.5, ch.6, and ch.7, respectively.
The input variables of the fuzzy-neuro control are the mean absolute value (MAV) [22] of EMG of seven kinds of muscles. The equation of the MAV is written as (1) where is the voltage value at th sampling and is the number of samples in a segment. The number of samples is set to be 100 and the sampling time is set to be 0.5 ms in this study. and PB: positive big) are prepared for each MAV of EMG of the other muscles (ch. 1, 3, and 7). Another three kinds of fuzzy linguistic variables (LA: low angle, MA: medium angle, HA: high angle) are prepared for each shoulder joint angle. The outputs of the fuzzy-neuro control are the torque command to generate the desired shoulder motion of the exoskeletal robot. The torque command for the exoskeletal robot joints is then transferred to the force command for each driving wire. The relation between the torque command for the exoskeletal robot joints and the force command for driving wires is written as the following equation: (2) where is the torque command vector for the exoskeletal robot joints, is the force command vector for the driving wires, and is the Jacobian which relates the exoskeletal robot joint velocity to the driving wire velocity. Force control is carried out to realize the desired force ( ) in driving wires by the driving motors.
In the fuzzy-neuro controller, 32 kinds of fuzzy IF-THEN rules are prepared to generate the desired torque of the exoskeletal robot. The architecture of the fuzzy-neuro controller is depicted in Fig. 6 . Here means sum of the inputs, means multiplication of the inputs. Two kinds of nonlinear functions ( and ) are applied to express the membership function of the fuzzy-neuro controller. where is a threshold value and is a weight. The process of the fuzzy-neuro controller is the same as that of ordinal simplified fuzzy controllers. Consequently, the output of the fuzzyneuro controller is calculated with the following equation: (7) where represents the output vector, denotes the degree of fitness of the rule, and is the weight for the rule. When the exoskeletal robot is attached to another human subject, or when physiological condition of the human subject is changed a lot, on-line adaptation of fuzzy-neuro controller is carried out by adjusting each weight of the fuzzy-neuro to minimize the amount of muscle activity and motion error which is given by the teaching equipment shown in Fig. 7 . The angle of link-1 of the teaching equipment is supposed to correspond to that of link-1 of the exoskeletal robot, and the angle of link-2 of the teaching equipment is supposed to correspond to that of link-2 of the exoskeletal robot. In the adaptation process, the human subject indicates his/her desired shoulder motion by demonstrating the same motion with the teaching equipment using his/her wrist. In this study, both the antecedent part and the consequent part of the fuzzy IF-THEN control rules are supposed to be adjusted to fit physiological condition of each human subject by using the back-propagation learning algorithm in online manner. The evaluation function for the fuzzy-neuro controller training is written as: (8) where is the desired shoulder angle indicated by the teaching equipment, is the measured shoulder angle, is a coefficient which changes the degree of consideration of the muscle activity minimization, is the desired muscle activity level in ch.i, and is the measured muscle activity level in ch.i. The assistance level of the robot can be moderately adjusted by changing the desired muscle activity levels. Note that certain desired muscle activity levels are prepared for each shoulder motion (i.e., vertical shoulder flexion/extension motion and horizontal shoulder flexion/extension motion) considering physiological muscle allocation.
The inputs to the fuzzy-neuro controller are instantly adjusted by the modification coefficients outputted from the intelligent interface, which is explained in the next section, in accordance with the human subject's arm posture. The definition of membership functions of input variables to the fuzzy-neuro controller is adjusted immediately by multiplying the input variables by the modification coefficients. This operation makes the same effect as changing the membership functions wider or narrower [23] as shown in Fig. 8 .
IV. INTELLIGENT INTERFACE
Human shoulder joint consists of many muscles and moves in 3-DOF (flexion-extension, abduction-adduction, and internal-external rotation). The muscle activity level can be described by the EMG signal. Even though the human subject tries to perform the same shoulder motion, the amount of the EMG signals from the shoulder muscles varies if the arm posture is changed because of physiological reason [20] . The displacement of the shoulder muscles is geometrically changed if the arm posture is changed. In this study, intelligent interface is proposed to take into account the subject's arm posture. The intelligent interface modifies the controller inputs by multiplying modification coefficients according to the subject's arm posture. A neural network is used to realize the intelligent interface. Preliminary experiment, which investigates the effect of subject's arm posture (the effect of shoulder vertical flexion/extension angle, shoulder horizontal flexion/extension angle, shoulder internal rotation angle, elbow flexion/extension angle, and forearm pronation/supination angle) with respect to the amount of EMG signals of shoulder muscles, was performed to prepare the training data of the neural network. An example of the effect the arm posture change is shown in Fig. 9 . The neural network makes a nonlinear mapping between subject's arm posture and modification coefficients for the controller inputs by off-line learning. The architecture of the neural network is depicted in The neural network consists of three layers (input layer, hidden layer, and output layer). The input layer consists of five neurons, the hidden layer 50 neurons, and the output layer eight neurons. Sigmoid function is used for neurons in the hidden layer and the output layer. The input variables to the neural network are shoulder flexion/extension angle, shoulder horizontal flexion/extension angle, shoulder internal rotation angle, elbow flexion/extension angle, and forearm pronation/supination angle. The outputs from the neural network are the modification coefficients for input variables to the fuzzy-neuro controller (i.e., EMG signals of the shoulder muscles).
The neural network has been trained with the training data (91,000 data set) obtained from the preliminary experimental results using the back-propagation learning algorithm in off-line manner.
V. EXPERIMENT
Experiment has been carried out with a health human male subject (22 years old) to evaluate the effectiveness of the proposed exoskeletal robot and its control method. The experimental setup is depicted in Fig. 11 . The amplified EMG signals are sampled at a rate of 2 kHz and the signals from the wire tension sensors are also sampled at a rate of 2 kHz and low-pass filtered at 8 Hz.
For the first experiment, the target following experiments have been carried out with and without assist of the exoskeletal robot in order to verify the controllability of the exoskeletal robot. When the experiment without assist of the exoskeletal robot was performed, the human subject wore the exoskeletal robot to measure the shoulder angle. We had experimentally verified that wearing the robot did not affect the EMG signals of the human subject. This experiment has been performed with the standard arm posture of the human subject (without changing the arm posture of the human subject). The initial control rules of the fuzzy-neuro controller were designed assuming the arm posture of the human subject was in standard. In the experiment, the target trajectory (Trajectory 1: both vertical flexion-extension and horizontal flexion-extension trajectory, Trajectory 2: vertical flexion-extension trajectory at the horizontal flexion angle 30 ) of shoulder is displayed on the monitor, and a human subject is supposed to make his shoulder angles follow it. The generated shoulder trajectory is supposed to be very close to the target trajectory if the exoskeletal robot is well controlled, and the EMG levels of shoulder muscles are supposed to be lower if the exoskeletal robot effectively assists the shoulder motion of the human subject. The experimental results (EMG signals at the anterior and middle part of deltoid) of the human subject for the Trajectory 1 with and without assist of the exoskeletal robot are shown in Figs. 12 and 13 , and those for the Trajectory 2 with and without assist of the exoskeletal robot are shown in Figs. 14 and 15 , respectively. These results show that the human subject can follow the target trajectories with and without support of the exoskeletal robot. This means the exoskeletal robot does not constrain the subject's shoulder motion. One can also see that the EMG levels of shoulder muscles become lower when the shoulder motion of the subject is assisted by the exoskeletal robot. Here, muscle activity level (MAV) at the anterior part of deltoid was reduced to 18% and 15% for the Trajectory 1 and 2, respectively. Muscle activity level (MAV) at the middle part of deltoid was reduced to 15% and 60% for the Trajectory 1 and 2, respectively. These results show the effectiveness of the proposed robot in human shoulder motion assist in the case when the arm posture of the human subject is in standard.
When the arm posture of the human subject is changed (shoulder horizontal flexion/extension angle: 30 , shoulder internal rotation angle: 0 , elbow flexion angle: 90 , and forearm pronation/supination angle: 0 ) from the standard posture, the EMG levels of shoulder muscles during the shoulder vertical flexion-extension motion at the horizontal flexion angle 30 (Trajectory 2) are changed as shown in Fig. 16 . If we apply the exoskeletal robot for motion assist with the fuzzy-neuro controller designed for the standard arm posture without the proposed interface (neural network) to this case, the exoskeletal robot does not work very efficiently as shown in Fig. 17 . In this case, the EMG levels of shoulder muscles are not so much improved and the target following becomes worse than those without assist of the exoskeletal robot. Here, muscle activity levels (MAV) at the anterior and middle part of deltoid were reduced to only 57% and 58%, respectively. However, if the fuzzy-neuro controller is modified by the proposed interface, the results become better as well as those in Fig. 14 as shown in Fig. 18 . Here, muscle activity levels (MAV) at the anterior and middle part of deltoid were reduced to 18% and 31%, respectively. These results show the importance and effectiveness of the proposed interface. 
VI. CONCLUSION
In order to realize a practical and effective exoskeletal robot for shoulder joint motion assist, an effective fuzzy-neuro controller, a moving mechanism of the CR of the shoulder joint of the exoskeletal robot, and intelligent interface have been proposed in this paper. A moving mechanism of the CR of the shoulder joint of the exoskeletal robot has been proposed to fit the CR of the robot shoulder joint to that of the physiological human shoulder joint during the shoulder motion. An effective fuzzy-neuro controller has been also proposed to automatically control the robot with EMG signals of the human shoulder muscles. Furthermore, an intelligent interface between the human subject and the fuzzy-neuro controller has been proposed to cancel out the ill effects caused by subject's arm posture in this paper. The effective control of the exoskeletal robot for human shoulder motion assist can be expected by realizing the intelligent interface. A nonlinear map between subject's arm posture and modification coefficients for the fuzzy-neuro controller inputs was examined in the preliminary experiment and then off-line trained by a neural network to realize the intelligent interface. The effectiveness of the proposed method has been verified by the experiment with healthy human subjects. We would like to apply the proposed system to elderly persons and handicapped persons for the future research.
